and J max down-regulation. In Leucadendron, a general physiological mechanism seems to control Four South African Leucadendron congenerics with excess carbohydrate formation, and photosynthetic divergent soil N and P preferences were grown as responsiveness to elevated CO 2 , independently of juveniles at contrasting nutrient concentrations at genotype and nutrient concentration. This mechanism ambient (350 mmol mol−1) and elevated (700 mmol mol−1) may underlie photosynthetic acclimation to atmospheric CO 2 levels. Photosynthetic parameters source:sink imbalances resulting from such diverse were related to leaf nutrient and carbohydrate status conditions as elevated CO 2 , low sink strength, low to reveal controls of carbon uptake rate. In all species, carbohydrate export, and nutrient limitation. elevated CO 2 depressed both the maximum Rubisco catalytic activity (V c,max
Introduction light-saturated rate of net CO 2 uptake (A max ) at the elevated growth CO 2 level, due to higher intercellular The photosynthetic and growth responses of C 3 plants to CO 2 concentration (c i ). Leaf nitrogen concentration elevated CO 2 show a bewildering diversity, ranging from was central to photosynthetic performance, correlathighly positive to neutral and, in rare cases, even negative ing with A max , V c,max and J max . V c,max and J max were (Poorter, 1993; Gunderson and Wullschleger, 1994) . This linearly co-correlated, revealing a relatively invariable greatly complicates the accurate prediction of ecosystem J max :V c,max ratio, probably due to N resource optimizachanges as CO 2 continues to accumulate in the earth's tion between light harvesting (RuBP regeneration) and atmosphere. Responses of C 3 plants to rising atmospheric carboxylation. Leaf total non-structural carbohydrate CO 2 levels are clearly modified by growing conditions concentration (primarily starch) increased in high CO 2 , (Idso and Idso, 1994) , and appear strongly speciesand was correlated with the reduction in V c,max and (Poorter, 1993) and even ecotype-(Norton et al., 1995) J max . Apparent feedback control of V c,max and J max was and genotype-specific (Curtis et al., 1994 ; Zhang and thus surprisingly consistent across all species, and Lechowicz, 1995) . Because plant growth requires a nutrimay regulate carbon exchange in response to endtional balance, that is a balance between carbon uptake product fluctuation. If so, elevated CO 2 may have emuabove-ground and nutrient uptake below-ground, it is has been suggested that nutrient limitation should conlated an excess end-product condition, triggering both strain plant CO 2 -responsiveness (Rastetter et al., 1997 (Rastetter et al., ). 1995 Bettarini et al., 1995) have produced a mixed bag of results including both down-and up-regulation. However, data suggest that proportional responses to elevated CO 2 may be greater in some species under low At the leaf level, both carbohydrate status and leaf nitrogen content have been clearly shown to influence than high nutrient conditions (Lloyd and Farquhar, 1996) . photosynthetic activity, and both are potentially altered in elevated CO 2 . Plants must have mechanisms to sense Plant evolutionary history also appears to influence CO 2 -responsiveness, as demonstrated by the relationship carbohydrate status (van Oosten and Besford, 1996) ; the proven diurnal regulation of carbohydrate production between 'life history strategy ' (sensu Grime, 1977) and CO 2 -responsiveness (Hunt et al., 1993) . The latter view (Geiger and Servaites, 1994) demonstrates that these exist, and may serve to regulate photosynthesis in the is supported by the finding that biome affinities are more important than photosynthetic type in predicting CO 2 -medium term. Leaf N content also plays a central role in photosynthesis, and is an important trait that covaries responsiveness ( Wilsey, 1996) . It is vital to understand the relative roles of these extrinsic (e.g. nutrient limitation) widely with photosynthetic capacity throughout the plant kingdom ( Field and Mooney, 1986) . Does elevated CO 2 and intrinsic (adaptive) limitations to CO 2 -responsiveness, as global change involves changes to resource availability affect these measures consistently across species and nutrient concentration conditions? ( Vitousek, 1994) , but many ecosystems have evolved under resource-limited conditions. Are the mechanisms This study attempts to discern direct effects of nutrient concentration on the photosynthetic response to elevated which control CO 2 -responsiveness chiefly intrinsic, species-specific and a function of evolutionary history, or CO 2 , as distinct from species-specific effects, and to tease apart the relative roles of leaf N and carbohydrate status are they externally determined and a function of resource concentration?
in modifying photosynthetic rate under elevated CO 2 conditions. Photosynthetic acclimation (also termed downregulation) is a crucial component of plant productivity responses to elevated CO 2 (Long et al., 1993) , and many
Materials and methods
species show different degrees of photosynthetic acclimation in elevated CO 2 (Harley, 1995). Acclimation appears (Paul and Driscoll, 1997) . This is a complex chain of sand/perlite culture medium.
linked events, and the process of acclimation is poorly Plant material understood (Bowes et al., 1996) . acclimation. To determine dark respiration rate, the cuvette was circulated it in a plenum surrounding the base of the chamber covered with a black cloth for 5 min. before entering through perforations in the inner plenum wall.
Following the light-response measurements, plants were again For elevated CO 2 chambers, pure CO 2 was bled into the intake exposed to saturating PFD until photosynthetic rate was within pipes at rates controlled by float metering flowmeters (model 5% of A max . Thereafter, the CO 2 level was decreased in steps of DK800, Krohne, Germany). Elevated CO 2 chambers were about 150 mmol mol−1, allowed to stabilize, and measurements individually calibrated to 700 mmol mol−1 using an infra-red of photosynthetic rate taken to construct an A:c i curve. After gas analyser (LI-6200, Li-Cor, Lincoln, NE, USA), and were the CO 2 compensation point had been closely approached or generally within 80 mmol mol−1 of the target concentration exceeded (a process which took about 40-60 min), the CO 2 during the first experiment (L. xanthoconus and L. laureolum), concentration was increased to above 1400 mmol mol−1. At this and within 50 mmol mol−1 for the second experiment (L. point, stomatal conductance had generally increased due to the coniferum and L. meridianum). CO 2 concentrations in the depleted CO 2 concentration in the cuvette, allowing a rapid ambient chambers were approximately 350 mmol mol−1. The and substantial increase in c i , and an accurate estimate of the ventilation rate of the open-top chambers was controlled at light and CO 2 -saturated photosynthetic rate, J max . The CO 2 somewhat more than four air changes per min. concentration was maintained at this level for at least 15 min Pots were suspended through holes in the table tops, thus for full stabilization, and then decreased in steps of about preventing pot heating and allowing CO 2 fumigation of the soil 200 mmol mol−1 until the ambient growing CO 2 concentration surface and above-ground plant parts only.
was reached. The photosynthetic rate at this point was again checked to be within 5% of A max . For gas exchange measureApplication of nutrient treatments ments above 50 PFD, cuvette air temperature was typically maintained at 29±1°C and air vapour pressure at 20±2 mb. Nutrient treatments comprised a complete Long Ashton solution which was diluted to 20% for the high nutrient treatment For gas exchange analysis, three individuals of each species were sampled in each treatment (CO 2 ×nutrient combination). (containing 0.20 mM nitrogen as ammonium and nitrate), and diluted a further four times for the low nutrient treatment (5% Response curves were fitted individually to light-and CO 2 -response data for every leaf or shoot sampled, using iterative Long Ashton, containing 0.05 mM nitrogen as ammonium and nitrate). Plants were fed 100 ml each once weekly.
non-linear regression ( Unistat 4.51 for Windows, Unistat Ltd., London, UK ). A monomolecular hyperbola (Causton and Dale, 1990 ) was fitted to light-response data. The function is Non-structural carbohydrate and nitrogen concentrations Foliar sugar and starch concentrations were analysed using a y=a(1−eb−cx) ( 1 ) modified phenol-sulphuric acid method (Buysse and Merckx, where y is the rate of CO 2 exchange and x is the independent 1993). A 50 mg dry sample was extracted overnight in 10 ml variable (PFD). The coefficient a gives the light-saturated rate 80% ethanol (v/v) and the supernatant analysed for total sugars. of CO 2 exchange (A max ) and apparent quantum yield (a, the The residue was boiled for 3 h in 5 ml 2% HCl (v/v) and the slope, or derivative of the curve at x=0) is given by aceb. These supernatant analysed for starch. Absorbance at 490 nm was parameters were derived individually for every shoot and leaf measured using a Beckman DU640 spectrophotometer sampled, and used in statistical analysis. (Beckman Instruments Inc., Fullerton, CA, USA).
Carbon dioxide response curves were analysed by fitting the Total leaf nitrogen concentration was determined using model of Farquhar et al. (1980) to the data for each leaf or micro-Kjeldahl digestion.
shoot sampled, using methods described by Hilbert et al. (1991) . Photosynthesis was assumed to be either (a) RuBP Gas exchange saturated, or (b) limited by the light-dependent regeneration of Plant gas exchange characteristics were sampled after a RuBP. In the case of (a) the following holds: minimum of 3 months using leaves which had developed after treatment initiation. All determinations were carried out using A=V c,max
an LI-6200 portable photosynthesis system (Li-Cor, Lincoln, where V c,max is the maximum RuBPcase activity, C is the Nebraska, USA), configured as a closed system. For L. intercellullar partial pressure of CO 2 , R d is dark respiration laureolum and L. xanthoconus, recently mature, fully expanded rate, C is the CO 2 compensation point, and leaves were positioned singly in a 0.25 dm3 cuvette, and for L. coniferum and L. meridianum the terminal portion of the shoot k=k C (1+O/k O ) ( 3 ) was enclosed in a 1 dm3 cuvette, because leaves were too short to sample singly.
where k C and k O are the Michaelis-Menten constants for CO 2 Plants were removed from the open-top chambers and and O 2 , and O is the partial pressure of O 2 at the site of measured in the laboratory on the same day. For the duration carboxylation (Farquhar et al., 1980) . of the light-response measurements, the enclosed plant parts
In the case of (b) the following holds: were maintained at their respective ambient growing CO 2 concentration by periodically injecting pure CO 2 to replace CO 2
where
Main CO 2 effects and interactions and I is the instantaneous photosynthetic photon flux density.
Elevated CO 2 had significant negative effects on V c,max
Iterative non-linear regression analysis was used first to derive and J max ( Tables 1, 2 concentration or g s ( Tables 1, 2, 3 ). There was no significant CO 2 ×nutrient interaction for any measured Statistical design response ( starch levels ( Table 2) . Leaf nitrogen levels of dystrophic positively correlated with leaf [N ] ( Fig. 3) , but regressions species were more responsive to increased nutrient differed between CO 2 treatments only for V c,max concentration than those of mesotrophic species, while (P<0.05), due to a significantly increased intercept in sugar levels of mesotrophic species were more responsive elevated CO 2 (P<0.01). V c,max and J max were significantly to nutrient concentration than those of dystrophic co-correlated in both ambient and elevated CO 2 -grown species (resulting in significant nutrient×species interacplants ( Fig. 4 ), but these regressions barely differed signition).
ficantly (P=0.047), due to increased intercept in elevated CO 2 (P<0.02).
Correlations
Both J max and V c,max were significantly negatively correlated with leaf starch concentrations, regardless of CO 2 A max was positively correlated (P<0.02) with leaf [N ] for treatment (Fig. 5) . The coefficient of variation of the both ambient and elevated CO 2 -grown plants ( Fig. 2) . V c,max :starch correlation was increased by expressing leaf The slope of these regressions did not differ significantly, carbohydrate status on a leaf dry mass basis ( Fig. 5 but the intercept was significantly increased in elevated insert). Both V c,max and J max were poorly correlated with CO 2 (P<0.002), and the regressions differed significantly (P<0.005). Both J max and V c,max were significantlyleaf sugar concentration (data not shown). Fig. 1 . CO 2 response curves (A:c i curves) of four fynbos Leucadendron species, adapted to soils of different nutrient status, grown under two contrasting soil nutrient regimes and two atmospheric CO 2 levels. Gas exchange measurements were carried out above the light-saturation level (PFD >1000 mmol m−2 s−1), with cuvette air temperature 29±1°C and cuvette air vapour pressure 20±2 mb. Curves were plotted using mean parameter values, derived from three replicate plants, substituted into the model of Farquhar et al. (1980) . Line representations given in the top left panel apply to all panels, thin lines refer to ambient CO 2 level ( loC ), and heavy lines to elevated CO 2 level (hiC ), dashed lines to low nutrient concentration ( loN ) and continuous lines to high nutrient concentrations (hiN ). Arrows indicate operational c i at the growing CO 2 level, and lines connect these points to the growing CO 2 level on the x-axis (supply function [Sharkey, 1985] , indicating stomatal limitation).
Evans, 1989). The significant species differences for all leaf nutrient and photosynthetic measures were also expected. Unexpectedly, however, dystrophic species had higher foliar N concentrations under both nutrient regimes than did mesotrophic species, and higher total plant N (data not shown). This suggests that the dystrophic species had an inherently higher nutrient uptake capacity than did mesotrophic species. Soil factors, rather than competitive interactions seem to explain species/soil specificity in nature among these and other Proteaceous species (Richards et al., 1997a) . It is possible that differences in nutrient uptake capacity may determine these and species×nutrient interactions. Also, the lack of CO 2 ×nutrient interaction suggests that nutrient concenDiscussion tration did not alter photosynthetic CO 2 -responsiveness. If either species-specific characteristics or nutrient concenNutrient-induced and species differences in assimilation tration were important determinants of CO 2 -responsrate and CO 2 -responsiveness iveness, then significant interaction of these factors with As expected, higher nutrient concentration led to generally CO 2 level would be expected. increased leaf nutrient status and associated higher photo-
The mechanisms which control photosynthetic CO 2 -synthetic rates and stomatal conductance, patterns often responsiveness in these species, therefore, do not seem to be primarily a function of nutrient concentration (i.e. not reported in the literature (Field and Mooney, 1986;  pattern is virtually identical to that identified for a broad range of species ( Wullschleger, 1993; Leuning, 1997) , and is thought to represent optimal distribution of nitrogen between light-harvesting and carboxylation functions (Lloyd and Farquhar, 1996) . Thus the dependence of A max on leaf [N ] seems to be largely due to a consistent partitioning ratio of N resources that may be more or less conserved across the plant kingdom, and the ubiquitous observation of increased PNUE in elevated CO 2 (Drake et al., 1997) is the manifest result. It is perhaps surprising that there was no apparent N repartitioning between carboxylation and RuBP regen- loblolly pine ( Tissue et al., 1993) . Nitrogen repartitioning of this type often accompanies the process of chiefly extrinsic). These mechanisms do not appear to be shade adaptation ( Woodward, 1990) , but is probably species-specific either, and so are independent of the triggered by a change in light quality, and not carbohydrecent evolutionary divergence that accompanied the rate availability. Nitrogen allocation at canopy level development of their association with distinct soil types.
approximates optimality with respect to carbon assimilation (Field, 1983; Pons et al., 1993) , but a lack of Leaf nitrogen content and photosynthetic capacity repartitioning at leaf level in elevated CO 2 suggests that Nitrogen is a central determinant of leaf photosynthetic current allocation patterns may not be optimal at future capacity (A max ), and A max is correlated with leaf [N ] higher CO 2 levels (Lloyd and Farquhar, 1996) . In fact, across the plant kingdom ( Field and Mooney, 1986;  optimal partitioning of N between carboxylation and Evans, 1989; Woodward and Smith, 1994) . This study is light-harvesting functions may be tuned to lower than consistent with that pattern, but reveals a significant current ambient atmospheric CO 2 levels, found prior to increase in the efficiency of nitrogen use in elevated CO 2 the industrial revolution (~270 mmol mol−1 CO 2 ), as represented by the increased intercept of the linear leaf appears from a model for Amazonian rainforest (Lloyd A max :[N ] relationship ( Fig. 2 ). This study also shows a et al., 1995) . It is possible that species with greater related and clearly demonstrable increase in PNUE of plasticity of nitrogen partitioning in response to carbohigh CO 2 -grown plants ( (Fig. 3) . Furthermore, V c,max and J max were consistently ecotypes (Norton et al., 1995) and may vary, heritably, between genotypes (Curtis et al., 1994) . co-correlated in the four selected species (Fig. 4) . This Photosynthetic acclimation in elevated CO 2 This pattern suggests a general mechanism of photosynthetic regulation in response to both nutrient and carboAn understanding of photosynthetic acclimation prohydrate concentration, supporting the contention that cesses in elevated CO 2 remains elusive (van Oosten and photosynthetic responses to nutrient deficiency are almost Besford, 1996) . Although responses at leaf level are identical to those to elevated CO 2 (Paul and Driscoll, diverse, some generalizations can be made for woody 1997). This suggests that elevated CO 2 emulates an excess species (Gunderson and Wullschleger, 1994) . Net carbon end-product condition, triggering photosynthetic downuptake rate measured at growth [CO 2 ] is stimulated under regulation in a response which may have evolved under elevated CO 2 by roughly 45%, even though the net CO 2 conditions of source:sink imbalance, such as periodic uptake rate of elevated CO 2 -grown plants is 21% lower nutrient limitation. This response is likely to be particuthan that of ambient CO 2 -grown plants when measured larly well-developed in species subject to periodic episodes at elevated CO 2 concentration (Gunderson and of nutrient stress and, therefore, may have an important Wullschleger, 1994). The results of this study are congenetic component (Sage et al., 1989) . sistent with these generalizations.
Plant species differ in their propensities for accumulatThe mechanism most commonly implicated in acclimaing starch relative to sugars, and there is an identified tion is feedback regulation of carboxylation by carboneed for a better understanding of how starch-versus hydrate accumulation (Stitt, 1991; van Oosten et al., sugar-accumulating species respond to elevated CO 2 1994; Jacob et al., 1995) . Sugar repression of photosyn- (Bowes et al., 1996) . Species studied here showed roughly thesis has been identified as a general trigger for the 5-fold greater starch than sugar concentrations, and starch regulation of photosynthesis in response to changes in status seemed more important in photosynthetic feedback sink demand (van Oosten and Besford, 1996) . Although regulation than in many other studies. Carbohydrate relationships have been shown between carbohydrate relations in source leaves are regulated both on a shortstatus and photosynthetic measures in high CO 2 -grown term (instantaneous and diurnal ) basis ( Fondy et al., plants, results from elevated CO 2 studies are contradictory 1989; Geiger and Servaites, 1994) and on a longer term (Paul and Driscoll, 1997) .
basis reflected by the baseline (morning) total nonPhotosynthetic acclimation in this study comprised structural carbohydrate ( TNC ) concentration. Jacob apparently synchronized reductions in both carboxylation et al. (1995) reported increased sugar concentrations in and RuBP regeneration capacity, and not only the photosynthetically-acclimated high CO 2 -grown Scirpus often-cited reduction in carboxylation capacity. Feedback olneyi only at midday, whereas both baseline and midday regulation of RuBP regeneration capacity has not received starch concentrations were higher. This would support the same emphasis as short-term photosynthetic acclimathe suggestion that baseline TNC status, rather than the tion in response to tissue carbohydrate status (van Oosten more ephemeral diurnal sugar fluctuation, is the cue for and Besford, 1996) involving regulation of carboxylation in vivo photosynthetic downregulation in elevated CO 2 in capacity.
the medium-to long-term. The consistent negative relationship found in the current study between starch accumulation and both V c,max
